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Introduction

Materials and Methods

Fig. 1. A late larval hermaphrodite
with two early larvae grazing on a
lawn of E. coli bacteria. The animals
are offspring of second generation
worms which developed in micro-
gravity. The frame size is 1 mm wide,

One of the unavoidable risks of spaceflight  is exposure to the complex
space radiation environment which can result in a 50-folci increase in exposure
relative to life at the surface of the earth. Many cii ffcrent fom~s  of radiation
contribute to this exposure including electromagnetic radiation (X-rays, gamma
rays, ultraviolet light), neutrons and charged particles such as protons, alpha
particles and nuclei of other elements The charged particles, often referred to as
HZE particles or cosmic rays, represent a unique space hazard due to their
penetrating nature and the fact that they deposit their energy in highly structured
tracks. Such tracks concentrate damage to columns of cells on a micron scale even
though the macroscopic dose on a centimeter scale is considered small.

Radiation exposure can lead to pathological changes in living cells and
tissues. Of greatest importance are changes to chromosomes which ultimately lead
to conversion of normal  cells to cancer ceils. Loss of function in cells of the lens
resulting in cataracts or alterations in gcm~ cells which may lcadtoheritable  defects
arc also of medical importance. The physiological changes that result from
exposure to microgravity may modify the cell or body’s ability to manage or repair
damage induced by radiation, thus introducing an additional uncertainty in the
evaluation of health  risks to astronauts and cosmonauts who live and work in space.

This experiment attempts to isolate genetic changes in animal cells caused
by cosmic rays in space so that their likelihood of occurrence and structural
features can be evaluated. ‘l%e space measurements are evaluated against results
from synthetic cosmic rays produced by particle accelerators on the ground. We
used the tiny soil nematode, Caenorhubdiris elegam,  as a model animal for these
studies and developed special correlative methods for identifying mutations caused
by high cncrgy  charged particles present at relatively low abunciance  on the IML-1
mission (Figure 1).

Thc nematode, Caenorhubdifis  eleguns,  var. Bristol is a free-living soil
nematode whose development and genetics have been the subject of intensive
invcstigation9.  The animal exists as a self-fertilizing hermaphrodite or as a male
depending upon the number of X chromosomes present. It has six pairs of
chromosomes and a gcnome  whose size approximates one average human
chromosome. C. elegam has a fixed number of cells and a highly reproducible
life cycle which is temperature cicpendcnt.  At 20 degrees C an egg will hatch,
develop through four larval stages punctuated by molts, complete spcm~atogen-
csis, switcil  to oogencsis  and pro(iuce its first offspring by self-fertilization in
three ciays. An animai wili produce approximately 280 “self-cross” offspring in
the next 3 days and will survive to an old age of about 3 weeks. If matcdby a male,
male sperm will outcompctc  endogcnous sperm for eggs and a hermaphrodite
may produce up to 1000 “outcross”  offspring in a 1:1 sex ratio. Ordinarily, males
arise al a frequency of 1/700 by controlled X-chromosome disjunction. Under



conditions of crowding or environmental stress womls may enter an estimating
k@te c+lc~i  the (iaucr  larva. In this state the animals do not feed and maybe kept
for several months as long as they are oxygenated and hydrated. Upon return to
a food supply, daucr  larvae resume dcvclopmcnt  at the third larval molt. The two
main objectives of the experiment required life support conditions for womls  in
both growing populations and as dauer lawae.

Two harciware  configurations were used to house nematodes in the
Biorack and Spacclab. For dom~ant  populations of dauer larvae, and growing
populations of worms, a simple culture tube was used in Type I containers as
shown in Figure 2. Ten thousand N2 (wild type) or JP 10 tester-strain dauer larvae
we~ placed in onc milliliter of standard phosphate buffered saline and loaded into
a tube with approximate y 2 milliliters of air space. For growing populations a thin
cylindrical shell of agarose  medium was poured into tubes using a removable glass
d. The thin film cultures were inoculated with E. coli  K12 strain X1666 kept
growth arrested with antibiotics: kanamycin, streptomycin and nystatin.  The
surface areas of the thin film cultures are roughly equivalent to a standard 35n~m
petri dish culture. Six or twelve hermaphrodite and male animals of genetically
marked strains were inoculated prior to launch and allowed to ~produce during the
flight. In orcicr to characterize the radiation environment on a scale of about 1 cm,
thcmlolumincscent  detectors and CR-39 plastic nuclear track detectors were
packaged with 4 or 8 tubes in each Type I container. Themloluminescent  detectom
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Fig. 2. Growing cultures of worms
were placed in lexan tubes seeded
with a thin layer of agarose and
E. coli bacteria. Dormant dauer
larvae were incubated in 1 milliliter
cultures of buffer. In order to define
the radiation field in each container
thermoluminescent detectors (TLI))
and CR-39 plastic nuclear track
detectors were placed adjacent to
tubes. TvDe I containers were dated
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in the Biorack at 22 and 4 degrees at
O-gravity and on the l-g centrifuge.
Additional samples were placed in
the Spacelab tunnel where radiation
shielding was at a minimum.



Fi~.3. Inorder tocorrelateindi-
viduai  cosmic rays with “hit” worm A Worm “Sandwich”
larvae, a laminated “sandwich” of
particle detectors, support layers,
and nematode immobilization layers
was used. Ray tracing techniques
allowed particle tracks and corre-
sponding worm locations to be
identified.

CR-39: Detector
Kimfoil: Spacer
CR-39: Detector

Teflon: Protective
Spacer

Worm Layer:
Dauer larvae immobilized
in agarose on nitrocellu-
lose filter.

Lexan: Supporting base.

Fig. 4. Nematode” Sandwich”
assemblies were packaged in venti-
lated retaining boxes and placed in
Type II containers modified with air
holes covered with thin silicone
membranes to prevent moisture loss
and contamination. Thermolumi-
nescent detectors were included to
measure total radiation dose. The two
Type 11 containers were incubated at
4 degrees C in order to effectively
immobilize the worms.
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,integratt  the total dose from all forms of ionizing radiation whereas CR-39 detects
, tracks from charged particles and allows spectral infom~ation to be calculated.

7%rce dimensional information on charged particle fluence  was derived from
CR-39 stacks in four-tube Type 1’s. Radiobiological  measurements from Type I
samples is thcrcforc correlated with average radiation environments.

In order to measure genetic changes associated with specific charged
particles a second hardware configuration was used. Dauer larvae were inm]obi-
lizedonto alayerof nitrocellulose  filler  at approximately 10,000 womlspcrsquare
centimeter by overlaying them with 4% agarose  at 4 degrees C. Under these
conditions the womls can be held in place for about 1 month. The filter was then
placed on a plastic support layer with aeration holes and assembled with two
parallel layers of CR-39 spaced by a lexan foil and a protective Teflon layer as
shown in Figure 3. lhe “sandwich” can be disassembled for processing of the
CR-39 and analysis of etch-cone tracks by a computer-aided videomicroscopy
which identifies particles and their points of penetration in the wom~ layer. 0.5 mm
diameter plugs containing “hit” dauer  larvae were then extracted for genetic
analysis. 28 “sandwiches” were packaged into two Type 11 containers and
incubated at 4-5 degrees C for the duration of the mission. As with Type I
containers, a TLD package was included to provide total dose. The internal
configuration of a Type 11 container is shown in Figure 4.

Development and Chromosome Mechanics in Microgravity Experimental Procedures
Strainsusedfordevelopment  studies wc~obtaincdfrom  the Caenorhabdifis and Preliminary Results

Genetics Center and contained the following recessive alleles: dpy-5(e61 )f,
101c-13(e51)I, dpy-1 7(e164)I[I,  dpy-18(e364)]lI, unc-32(e189)IIl,  wwS(e53)IV,
unc-22(lx96)IV,  dpy-11 (e224)V, and hinz-5(e1490)V. The phcnot ypes of dpy
mutants are dump y, abnom~all y short and of approximate] y nomlal diameter. Unc
uncoordinated mutants have defects resulting in partial to complete paralysis or
rhythmic “twitching” (uric-22). Him high incidence of male mutants are defective
in X-chromosome disjunction and produce up to 4090 male offspring.

Four tests were earned out to assess dcvclopmcnt and the behavior of
chromosomes during meiosis. Each test was performed with two different geno-
types to control for specific gene effects. These tests arc referred to as: “growth”,
“mating”, “segregation” (of unlinked markers) and “recombination” (plus segre-
gation  of linked markers). Womls from selected cultures were fixed and stained
using the fluorescent DNA-binding dyc DAPI (diamidinophcnolindolc)  to mvcal
CCII  nuclei. Some embryos rccovercd at landing were aiso fixed and stained with
antibodies specific for cytoplasmic  dctcm]inants  that localize to different CC1l
lineages. In every case simultaneous ground controls were pcrfom~cd using sibling
animals or identical subcultures in the duplicate Biorack run ai NASA’s Hanger
L near the launch site. Tubes were unloaded for processing at Drydcn  Test Flight
Facility about 6 hours aticr de-orbit bum corresponding to mid cmbryogcncsis.

Growth
Six third Iamal stage (L3) Wild Type or mutant genotype animals were

inoculated into tubes incubated in the Spacclab  tunnel belt or at 22 dcgrccs C in
Biorack  incubator A and allowed to grow and rcproducc. After rccovcry  popula- .
t ion distribut  ions of womls were rneasurcd,  SCM of animak  were lixcd or frozen for
DAPI anti an(ibody staining. Embryos were also isolatc~i by dissection of gravi~i
hcrmaphro(iitcs  ami prcscrvcd  for antibo(iy  staining.

Vigorous growth and rcprcxiuction  occun-c(i  resulting in tlnal populations
of from 600(07320 worms pcrtubc averaging 3977* i 266 worms torthc 32tubcs
incubatc(i  al 22 cicgrccs  C. In sonic cases [hc illlimills  hil(i  just cxhaustcci  their food
supply at rccovcry  but newly Iaici eggs were prcscnl in the cultures an(i animais
were act ivc in(iicil[ ing that hcrmaphro~iitcs  were no~ hchaviorl  y atlcctc(i  by food



restriction. No obvious pat[cm in the population size vs incubation condition was.,
detcctcd  that was independent of genotype. A slight trend towards larger
population size was observed for tubes incubatcci  on centrifuges in space or on the
ground. One may speculate that slight vibration induces more rnovcrncnt  and
feeding of sluggish mutant animals.

Mating
Six fourth larval stage (L4) males were inoculated with six dauer larvae

hcm~aphrodites  of cithcrdpy-11  or WC-22 genotype and incubated in Incubator A
+ centnfugc.  The timing of handover and launch assured that virgin males would
accumulate spcm] for at least one day prior to mating while hermaphrodites
developed into young adults. Successful mating would generate outcross  hcterozy-
gous F1 animals (50% male) which could engage in a second round of mating to
generate Dpy or Unc males in the Fz generation. Phcnotypic ratios of animals
present at recovery were measured. New progeny were not counted.

Mating of C. elegans is often erratic even under the best of laboratory
conditions. One round of mating was efficient in space leading to many outcross
progeny and a fewFl mutant males were also present indicating that a second round
of mating between FI animals also occurred. Thus the most complex behavior of
womus appears to bc insignificantly perturbed by rnicrogravity  in this hardware
configuration. The intrinsic variability prevents a more quantitative assessment.

Segregation
Six tnply hctcrozygous L3 hem~aphmditcs  were inoculated into tubes and

incubated in Incubator A * centrifuge. Developmental timing assures that fertili-
zation could only commence aftcrorbit  was achieved and samples were loaded into
incubators. The two genotypes were: uric-5 IVI+;dpy-11 Ihinz-5Vordpy-181111
+; me-l 71V/+; hinz-5 V/+. The theoretical Mcndclian  segregation ratio of 9:3:3:1
should have obtained for Dpy and Unc in the FI generation and ‘A of F1’s  should
also have been hinl-5/hinl-5.  Males  would only appear at the spontaneous rate of
1/700 in the F1. The FI Him anirna]s would generate up to 40% males in their
broods. Thcrcforc the appearance of Wild Type, Dpy, Unc and Dpy Unc males is
duc to Fz’s. The phcnot  ypic ratios of males present at rccovcry were measured,

F] and F2 progeny were prociuccd by hetcrozygous  hcm~aphrodites  in
proportions which were not significantly different bctwccn controls and test
samples. The proportions of Fz males deviated from the theoretical 9:3:3:1
Mcndclian  ratio but this can bc accounted for by different growth rates and
fertilities of mutants. As only animals present at recovery were scored (new
progeny were ignored) these numbers also rcprcscnt broods from hcrmaphmditcs
whose rcpro(iuction was intcrruptc{i  before completion.

Recombination
Six tnply hctcrozygous L3 hermaphrodites with linked dpy and unc genes

were inoculated into tubes an(i incubated in Incubator A * centrifuge. The two
gcnot  ypcs were: dpy-5 lMC-13  If + +; him-.$ V/+ anti UJIC-32  dpy-17 !111 + +;
bin?-5 V/ +. The theoretical Mcnciclian  scgrcgat  ion ratio of 3:1 should have
obtainc(i  for WT and Dpy Unc in the F, generation along with Dpy and Unc
rccombinants  at 1.8 an~i ‘2.670 forthc two strains, respectively. Onc fourth of each
F, genotype should also have been hinz-5/him-5. As with the “Segregation” test
males wouki be Fz ‘s. Hcmlaphro(iitc  ami male animals present at rccovcry  were
scorcci.

As with segregation, FI an(i F2 progeny were prociucc(i  by hctcmzygous
hcrmaphmdi ICS in proportions which were not significant I y (ii ffcrcnt  bet wcen
controls iin(i  test sarnplcs.  The proportions O!FJ males cicvialc~i  from the theoretical
3: I Mcn(iclian  ra[io, but again this cm be accountc(i  for by (ii ffcrcnt growth rates
and l“crl i lit ies of n)utan(s  in (he mixc(i  gcncralion cukurc scorcci at :{ singk  titllc
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‘peri?ci. ‘Many” F1 recombinant hcmlaphrodites  were seen and a few Fz males were
prescni.

In typical laboratory expenrncnts  it is possible to rigorously separate
generations by moving animals regularly to separate petri dishes before they
reproduce. However, in the flight cxpenmcnt,  no human intervention occurred for
two gencrat  ions, so that the final populations were mixtures of three generations.
The growth rates and fertilities of the mutant phcnot  ypcs are reduced relative to the
Wild Type so that systematic distortions to the theoretical Mcndclian  ratios are
expected if animals are scored at any given time point. Thus the most important
operational test is a comparison of flight&ground and 1-g & O-g pairs. With these
caveats in mind there were no significant differences observed in chmmosotnc
mechanics experiments between microgravit  y and 1-g.

Anatomical Observations
Several hund~d animals were analyzed for their anatomy based on cell

nurnbcr  and distribution, nuclear morphology, karyotype and symmetry relations.
Particular emphasis was given to the gonad vs intestine symmetry 8 relationship
which denvcs from early (6-cell stage) CCII division planes and to the linear
gametogcnesis  sequence of nuclei in the gonad’. No obvious differences have ken
seen between flight and ground Wild Type animals and no alterations in gonad
symmetry were detected with the initial limited sample. No defective karyotypes
have been seen and the only unusual feature detected is the presence of intestinal
CCIIS  with incomplete nuclear divisions in both flight and ground samples.

Observations on a small number of late (at least comma stage) embryos
fixed at recovery (about 6 hours after reentry bum restores gravity levels) show no
obvious disruptions to anatomy. The timing of development and mission opera-
tions is such that post comma stage embryos at recovery were all fertilized and
passcdthroughcntical  developmental cventspnortodeorbit  bum. Young embryos
resulted from zygotes which cxpcricnced reentry accelerations. In these embryos
cellular antomy  was also nom~al and synchronized mitoses  were observed suggest-
ing no significant disturbances to CC1l cycles. The question of matcmal  spatial
pattcming  in embryos has been addressed using nlatcmaI effect crnbryonic lctha]
mutations and immunofluoresccncc  of microtubulcs,  actin, P-granules and
mambranc  antigens. In all cases the evidence mints to a homogeneous distribution
of cytoplasm in oocytes. The first event establishing polarity is sperm entry at the
surface of the oocytc which first entcri  the spermathcca (valve connecting oviduct
and uterus). This si tc becomes the postcnor  pole oft he embryo but it is not known
whether the antcnor-postcnor axis exists before spcm~ entry. Dorso-ventral  and
left-right axes arc not evicient  until at least the 4-cc1l  stagcG. Antibcxiics  (iirectcd
against gcrmlinc “P-granules” and the rnyosin cxprcssc(i  in the pharynx reveal
nomlal staining pattcms  suggesting normal ciistributionof  embryonic cytoplasmic
dctcm~inants’. P granule segregation has been shown to be contmllcci by n~icrofila-
mcnt activity in a specific 10 minute interval of the first CCI1 cycle following
lcrtilization.  Oniy the P4 ccli  in young IML- 1 embryos anti the Z2 & Z3 gcm~line
CCIIS  of mature embryos an(i young larvae containcci  granules as cxpcctc(ib.
Pharyn.gcal  myosin was cxprcsseci  miciway through development and its normal
structure requires embryonic in(iuction  events as WCII as cell autonomous activit  ics
at the 6 to 24-ceil stage lcatiing  to Ilnal (icvclopmcnt.  Figure 5 shows anti- ,
pharyngcai myosin (D. Miller) anti anti-P-granule antibody (S. Stromc) staining
in embryos fcrtilizc[i  short] y before the rchrm of gravil y.

Mutagenesis by Space Radiation

Two strategies were usc(i for’ scicction  01 mu[ations  in(iucc(i  by
exposure [0 nalural spacw radia[ion. The [irsl mclhod used a large gcnclic largct
ot’ 350 csscnlia]  germs which arc rcc{)lllt>ir];lli(~r] balanced by a reciprocal
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. Figure S. Immunofluorescent  stain-
ing of the head of a larval worm and
two embryos which were conceived in
microgravity. At left and upper right
anti-pharyngeal myosin shows
normal distribution in the pharynx
and precursor cells reflecting normal
segregation of determinants at the 6
blastomere  stage. At lower right,
anti-P granule staining (green)
reveals normal segregation of cyto-
plasmic determinants at the lst, 2nd
and subsequent divisions in the P
lineage leading to germ cells. Blue
counterstaining  is from the DNA
specific dye DAPL

Figure 6. Distribution of locations of
high LET cosmic ray tracks from
which JP1O animals were extracted
for mutant isolation. The location
from which mutant FP32 was isolated
is indicated by a square. The scale
lines are in mm.
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translocation,  eT2 (III; V). This method was developed by Rosenbluth  and Baillies
and has been used to characterize mutagenesis by accelerated chaged  particles,
neutrons and gamma rays by Nelson and collaborators. Cross section VS LET
relationships for mutation in mature gametes and dauer lamae gonia have been
described and provide a baseline for interpretation of space exposures. The assay
measures forward autosomai lethal mutation in regions of chromosomes 3 and 5
corresponding to 15% of the woml  genome or 1.2x107 base pairs of DNA,
Mutants isolated in this way can be classified as to chromosomal location and
type including deletion and chromosome duplication. The tester strain, JP1 O, was
used for these experiments.

The second method utilizes a single large gene, uttc-22,  as a target.
Although the target is smaller a strong selection method exists for isolation of
UUC-22 alleles and their “twitching” phenotypes are not found associated with
mutations at any other locus. The real advantage of this method is the availability
of molecular probes for DNA hybridization characterization of mutants and the
extensive characterization of the chromosome region around the gene. These
features are described in reference 4. A variety of UUC-22 mutants induced by
accelerated particles once again serves as a baseline for comparison of IML- 1
mutants and their structural spectrum varies with particle properties. The wild
type strain, N2, was used for u1lc-22 mutagenesis. JP1O and N2 animals were
inoculated into both irmnobilizcd  stacks and tube cultures for isolation of lcthals
and twitcher mutants.

Mutant isolation required a very large logistics effort to prepare and handle
over 70,000 cultures for initial screening and resulted in lethal and UHC-22
mutants in each t ypc of hardware component. Mutants have been characterized
by Southcm hybridization methods and shown to contain deletions as large as 13
kb.Prclin]inary  yields arc: 12 1/11022  mutants from 1.1 million F, animals
exposed in the Spacclab tunnel, 1 uric-22 from 188,000 F,’s dcnvcd  from
immobilized daucrs and 2 spontaneous mutants from 3.8 million ground control
FI’s which matches the laboratory spontaneous rate.

Approximately 60 lethal mutants were isolated from flight samples and
anothcr6 in ground controls al a rate which again matches laboratory spontaneous
rates. The frequency of flight mutants was about eight-fold above background
supporting the conclusion that they were. in fact, radiation-induced. An initial
classification schcmc  based on segregation ratios of offspring and fertility
suggests that the spectra of mutants isolated randomly from tubes is qualitatively
ditlcrcnt from those correlated with specific tracks (Figure 7). Abnormal ratios
and low fertility arc often associated with chromosomal  rcarrangcmcnts.  If this
trend holds for I ML-1 mutants after gcnct  ic charactcri~,ation  then the specific
track mutants should show a higher frequency of rcarrangcmcnts  an~i ciclctions
than tube mutants. The ray-tracing mcthmi  cnhancc(i the “capture” cfiicicncy
over ran(iom scrccning  several foi(i.
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.
. Physical closimctry  for each location was performed by developing TLDs

kd nuclear track detectors. The total TLD dose varied from approximately 0.8
mGy in Biorack  locations to 1.1 n~Gy in the Spacelabtumel.  Integral LET spectra
from CR-39 detectors showed a typical cosmic ray distribution expected for a
high inclination orbit. Specifically the spectra agree well with those obtained for
STS-27 and STS-28.  The spectra also showed an enhancement of fluence  in the
Spacelab Iunncl  over the more heavily shielded Biorack.
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Figure 7. An analysis of phenotypes
of 16 lethal mutants isolated from
sandwich assemblies shows that both
mutants of ideal phenotypic ratio and
fertility (panel A) and those of
altered ratios (panel B) were
isolated. The latter category is
characteristic of chromosomal
rearrangements. Mutants isolated
using the ray tracing method were
predominantly of the altered form
whereas those from tubes were of the
ideal type. This finding is consistent
with the interpretation that higher
LET particles favor larger scale
genetic lesions. Genetic characteriza-
tion of these mutants is in progress.

7A.

711.

Based on preliminary observations there arc no obvious differences in the Summarv
dcvclopmcnt,  behavior and chromosome mechanics of C.e/cgatls  as a function

.

of gravity unloading. The animals successfully reproduced twice in space with ‘
the generation of many thousands of offspring. Both self-fertilization and mating
of males with hermaphrodites was successful. Gross anatomy, symmetry and
gamctogcncsis were normal based on light microscope observations. No defcc-
tivckaryotypcsor  ccll distributions were obscwcd. Finally, the pairing, disjoining
and rccombin:it  ion of chromosomes showed no (ii Ifcrcnccs  correlated with
gravity Icvcls.  The lotal  doses to samples of 0.80 to 1.10 n~Gy were not expected
to perturb dcvclopmcnt  in any significant way.
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,

. A variety of mutants were isolated in the u~lc-22  gene and in essential genes. , balanced by the eTl translocation.  Phcnotypic  assessment of mutants suggests
that mutants isolated from regions of identified high LET particles are more
severe than those isolated by random screening. Large deletions have been
identified amongst the uric-22 mutants. The rates of mutagenesis were signifi-
cantly above those in ground controls. Genetic characterization of mutants is
continuing.

Physical dosimetry shows that the dose and particle spectrum measured on
IML- 1 is similar to that seen on other high inclination space shuttle flights. The
frequency of mutant isolation was found to correlate with total energy deposited
in the immediate vicinity of womls.
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